The urinary metabolites of phthalates are well-accepted exposure biomarkers for adults and children older than 6 years but are not commonly used for infants owing to non-convenient sampling. In the light of this situation, a novel sampling method based on monitoring the urine expressed from the gel diaper was developed. The urine was expressed from the gel absorbent after mixing the absorbent with CaCl 2 and then collected by a laboratory-made device; the urinary phthalate metabolites were extracted and cleaned using a solid-phase extraction (SPE) column and analyzed with high-performance liquid chromatographyelectrospray ionization-tandem mass spectrometry / mass spectrometry. To evaluate the method's feasibility, the following factors were investigated: the proportion of CaCl 2 to gel absorbent, the urination volume variation and the target compounds' deposition bias in the diaper, the matrix blank of the different diaper brands, the storage stabilities and the recoveries of creatinine and phthalate metabolites in the expressed urine. Mono-methyl phthalate, mono-ethyl phthalate, mono-butyl phthalate, mono-benzyl phthalate, mono-2-ethylhexyl phthalate and mono-2-ethyl-5-oxohexyl phthalate were involved. 70--80% of the urine can be expressed from the diaper, and the expressed spiking recoveries and the limit of detection of monophthalates ranged from 88.5--115% and 0.21--0.50 ng/ml. The method was applied to measure phthalate metabolites in 65 gel diaper samples from 15 infants, and the pilot data suggests the infants are commonly exposed to phthalates. In summary, the method for monitoring of infant exposure to phthalates is sound and validated, and the potential health effects from the vulnerable infants' exposure to phthalates should be concerned.
INTRODUCTION
Phthalates (diesters of phthalic acid) are widely used in industrial processes, personal-care products (e.g., makeup, shampoo, and soaps), plastics, paints, and some pesticide formulations. Toxicological and epidemiological evidence indicates that some phthalate esters have estrogenic and/or antiandrogenic properties with reproductive effects. 1--5 Therefore, there is an increasing interest in assessing the exposure to phthalates during the ''critical windows'' of human developmental stages, especially the early stage defined from conception to adolescence. 6 Because of the unique biological characteristics, 7 children are more susceptible to risks associated with chemical exposure than adults. Prenatal exposure may occur through the placenta, and postnatal exposure may occur through behaviors specific to breast-feeding, baby crawling, and mouth--hand behaviors. Inhalation may also be another important exposure pathway for children. Volatile compounds are more easily inhaled than less volatile compounds (both indoor and outdoor exposure). For example, the volatile dibutyl phthalates are more easily inhaled than the less volatile di(2-ethylhexyl) phthalate. 8 Because of the short half-life of these compounds, 9 postnatal phthalate exposure assessment using proxy material sampling from mothers (i.e., breast milk, cord blood, or urine) 10 is not sufficient for infants. Urinary biomarkers have become a useful tool for assessing exposure of adults and older children. 11, 12 However, the collection of urine samples from the non-toilet-trained children is not convenient. Therefore, the vulnerability of younger children to the exposure and health effects from environmental chemicals makes finding the suitable methods a priority. 13 So far only a few studies have investigated the newborn baby exposure to phthalates with bag urine, 14 and the infant exposure to phthalates with cotton diaper urine. 15 Development of a convenient and low-cost method to collect and analyze urine samples is therefore highly desirable in the infant cohort study.
The disposable gel-absorbent diaper (GAD) is now commonly used, and the GAD is expected to be a plausible choice for collection of infant urine. Urine from urine-collection pads has been used in the diagnosis of urinary-tract infections 16, 17 and biochemical analysis. 18 Cotton gauze inserted into diapers 19 as well as a gel diaper alone 20 has been used to collect urine samples for pesticide analysis. The gel diaper collection method is readily accepted by children and their caregivers. However, the GAD normally contains polyacrylate polymers, making the extraction and analysis of urine very difficult. 21 In the present report, we develop a novel, robust, and quality-controlled method for assessing infant exposure to phthalates by measuring their metabolites using urine collected from a GAD.
MATERIALS AND METHODS

Expressing Urine from the Urinated Diaper
A laboratory-made glass cup with a filter in the bottom (Figure 1 ) was used for separating the urine from the gel absorbent. The wet diaper was thawed at room temperature if it had been stored in a freezer, the diaper was cut open and the absorbent gel particles were carefully transferred into a weighed glass cup using stainless steel tools. The gel absorbent together with the glass cup was weighed again, and then the cup was inserted into a plastic centrifuge tube. Calcium chloride (CaCl 2 , 97%, Acros Organics, New Jersey, USA) powder was added to the cup and mixed thoroughly with the gel absorbent. When the gel absorbent met CaCl 2 , the water molecules in the polyacrylate polymer backbone were replaced by calcium ions, 20 and the urine was consequently released from the gel diaper. This process required 15 min incubation at room temperature. Finally, the tube was centrifuged at 1000 rpm for 10 min and the ''clear'' urine sample was collected for further phthalate metabolite extraction and cleanup. The pH of the released urine was adjusted to approximately pH ¼ 2 with phosphoric acid (Sanyuan Reagent Factory, Sanming, China) and stored at À80 1C before analysis.
Experimental Conditions' Optimization
On the basis of a single-factor experiment, a series of experimental conditions, including the amount of CaCl 2 in comparison with the amount of urine wetted gel absorbent, the variation of urination volume in the diaper, the possible deposition bias of the target compounds in the diaper, the matrix blank of the different brands and lots of the selected diapers, the storage stabilities, and the recoveries of creatinine and phthalate metabolites were investigated to ensure the accurate determination of target compounds.
The Ratio of CaCl 2 to Gel Absorbent
For releasing urine, calcium chloride was selected 20 to shrink the wet gel absorbent. During the method development, a commercial medium-size diaper (medium size designed for a 7--11 kg baby from the selected brand) was first wetted with 250 ml of adult urine and kept for 30 min. Then the gel absorbent was removed as described above. The gel absorbent was homogenized and seven subsamples (10 g for each) were weighed out. The varying amounts of CaCl 2 (the ratios of CaCl 2 to gel absorbent (w/w) were 1:5, 1:10, 1:20, 1:30, 1:50, 1:70, and 1:100) were added in the subsamples. The expenditure time of urine expression, the volume and color of the expressed urine were evaluated.
Urination Volume Variation
The different volumes of urine absorbed in the same amount of gel absorbent are assumed to affect the measurement accuracy. Five medium-size diapers were therefore wetted by using the different volumes of urine, that is, 50, 100, 150, 200, and 250 ml. The urine was released and treated as described above (ratio of CaCl 2 to gel absorbent, 1:50 w/w), and the phthalate metabolites and creatinine were measured.
Diffusion of Phthalate Metabolite in the Diaper
The baby is assumed to urinate in the center part of the diaper, and then the urine diffuses to the surrounding area. For assessing the possible diffusion bias of phthalate metabolites in the whole diaper, a diaper was wetted with 100 ml of adult urine diffusing from its center point (diameter B1 cm) with a syringe, and the diaper was divided into five parts from the top to the bottom. The phthalate metabolites together with creatinine in the each part of the diaper were evaluated.
Diaper Matrix Blank
Matrix blank is the most important issue in trace analysis. Diapers from different brands and/or from different lots of the same brand may have different background of the target compounds, and the background may affect the accuracy and the reproducibility more or less in the measurement. Two commonly available diaper brands were selected in the present study. The five different lots from each brand were tested from the matrix blank and the lot-to-lot variation of the target compounds. Briefly, the aliquots of water from Millipore water purification system (ELGA LabWater, Lane End, HP14 3JH, UK) were applied to wet the diapers. The water was expressed and treated as described above. Another portion of the water that did not go through the diaper materials was served as control. Phthalate metabolites and creatinine were measured in these blank samples.
Sample Storage Stability
In case of a delay in the sample delivery from the subjects' home to the laboratory, the stability of the phthalate metabolites and creatinine was investigated after the samples had been stored at 4 1C for several days. The diaper was wetted with 200 ml of urine and stored at 4 1C for 2 weeks, and then the diaper was treated as described above for phthalate metabolite and creatinine analysis.
Phthalate Metabolite Recovery in the Expressed Urine
The spiked recoveries were evaluated by using original urine with low concentration of phthalate metabolites. This sample was obtained from a health volunteer by increasing urination frequency. In order to get the blank urine, the volunteer was encouraged to drink more water and try to avoid the unnecessary contacts with any materials which may contain phthalates. To estimate the recovery of each metabolite released from the Figure 1 . Scheme of mechanism 20 and procedure for expressing urine from the diaper-gel material by mixing CaCl 2 powder with urinary absorbent.
gel absorbent, fortified urine was prepared at six metabolite levels (0, 10, 30, 50, 100, and 150 ng/ml). At each level, 0.5 g of diaper pieces (gel absorbent together with the support materials) were wetted with 3 ml of spiked urine (repeated 3 times at each level). Then the spiked urine was expressed following the upper mentioned procedure. The expressed urine and the corresponding original urine were further treated following the same procedures. Thereafter, the metabolite's recovery in the expressed procedure was calculated by comparison of the expressed urine with the original one (see the following). In addition, urine spiked with phthalate metabolites and isotope-labeled phthalate metabolites was repeatedly analyzed to obtain limit of detection (LOD). The LOD was calculated as 3S 0 , where S 0 is in theory, the standard deviation when the concentration approach to zero. In the present study, S 0 was determined from the replicate analysis of the low-level standards. 22 Creatinine Recovery in the Expressed Urine
In order to estimate the recovery of creatinine in the expressed urine from the diaper, urine samples from 27 healthy volunteers (adults) were collected. At each urine sample, 0.5 g of diaper pieces (gel absorbent together with the support materials) were wetted with 3 ml of urine. The expressed urine and the corresponding original urine were further treated following the same procedures.
Sample Preparation and Target Compound Analysis
The total mono-phthalate (free and conjugated species) was measured by a modified method. 23 The measurement of phthalate metabolites in urine included enzymatic deconjugation of the glucuronidated metabolites (Escherichia coli b-glucuronidase, Sigma--Aldrich, USA). After the deconjugation reaction, the sample was purified by the solid-phase extraction (SPE) cartridge (Oasis HLB column, Waters, USA). Then the target compounds were separated by the LC-20A prominence (Shimadzu, Kyoto, Japan) high-performance liquid chromatography (HPLC) equipped with the Phenomenex (Torrance, CA, USA) guard column (Phenyl, 4.0 mm Â 2.0 mm internal diameter) and separation column (Luna phenyl-hexyl, 100 mm Â 2.0 mm internal diameter, 3.0mm particle size). The target compounds were ionized by electrospray ionization (ESI) and detected by tandem mass spectrometry (MS/MS) (Applied Biosystems, Concord, Ontario, Canada). More details of the sample preparation and the instrument conditions were attached as the Supplementary Materials (SM). The following six phthalate metabolites ( 12 C and 13 C standards bought from Cambridge Isotope Laboratories, USA) were investigated: monomethyl phthalate (MMP), mono-ethyl phthalate (MEP), mono-butyl phthalate (MBP), mono-benzyl phthalate (MBzP), mono-2-ethylhexyl phthalate (MEHP) and mono-2-ethyl-5-oxohexyl phthalate (MEOHP). The content of the total species (sum of free and conjugated phthalates) was measured.
The creatinine was determined in a local clinical laboratory using a Roche Cobas C501 biochemical analyzer (Roche Diagnostics, Basel, Switzerland).
Quality Control (QC)/Quality Analysis (QA) and Concentration Calibration
Two method blanks, two quality control samples (adult human urine spiked with mono-phthalates), and two sets of standards were analyzed within the 65 infant diaper samples (see the following) analytical batch. The standard deviation values for analytes in quality control samples were required to be o20% to guarantee the quality of results.
Infant Urinated Diaper Collection
The study was approved from the local ethical committee and written informed consent from the parents was obtained. Fifteen infants under the age of 2 years were enrolled in the pilot measurement. The parents accepted the experimental design and filled out the appropriate sampling agreement and questionnaire response before initiation of the study. GADs were purchased from the local supermarket and distributed to the parents. The infants wore the diaper for at least 6 h during the night. The wet diapers were collected and sealed in polypropylene bags. The samples were delivered to the laboratory the next morning. In total, 65 wet diapers were collected from March to April 2011. All the diapers were stored at À80 1C until analysis.
Statistical Analysis
Statistical analysis, including determination of linear regression, average, standard deviation (SD) and relative standard deviation(RSDs), was performed using the SPSS statistical software, version 13.0. (SPSS, IL, USA). Sigma Plot 10.0 (Systat Software, Chicago, IL, USA) was used to generate the graphics. Unadjusted data were processed. For data below the LOD (corresponding to 0.21 (MMP), 0.45 (MEP), 0.50 (MBP), 0.31 (MBzP), 0.37 (MEHP), and 0.37 ng/ml (MEOHP)), the reported value was set to onehalf of the LOD.
RESULTS
CaCl
No Effect of Urination Volume Variation on the Analytes' Measurement As shown in Table 1 , the concentrations of the metabolites and creatinine in the urine released from the diaper show a small variation. However, the relative standard deviations (RSDs) were within an acceptable range of ±25% for all samples. The results indicate that the metabolites and creatinine are not significantly changed and the volume difference may not affect the measurement accuracy.
Homogeneous Distribution of Phthalate Metabolites in Diaper
The distribution of metabolite and creatinine concentrations is shown in Table 2 . Some metabolite and creatinine concentrations varied at the different parts of the diaper. Nevertheless, the relative standard deviations (RSDs) were within an acceptable range of ± 25% for all samples. These results indicate that the metabolites and creatinine are not significantly changed at the different parts of a diaper. The observation suggested that removing the different part of the absorbent from a diaper may not affect the final results significantly.
The Acceptable Diaper Matrix Blank As shown in Table 3 , MEHP in brand A of the five lots was at the level close to that in the water control, but in brand B it was two times higher than that in the water control. MEP and MBP in both of the brands were observed at the similar level, and MMP, MBzP, and MEHP in both of the brands were below LOD. Therefore, brand A was selected in this study. When comparing the blank profile in the water control and in the brand A matrix, it suggested that the background of MEP, MBP, and MEHP may mainly come from the unknown sources other than from the gel-diaper matrix. The whole procedure background of the analytes is acceptable when comparing the analytes' level in the real samples (see the below text for details).
The Stable Analytes during Sample Storage
The concentrations' variance of the metabolites and creatinine during the storage of the diaper at 4 1C was listed ( Table 4 ). The relative standard deviations (RSDs) were within an acceptable range of ±25% for all samples, indicating that all target metabolites and creatinine were stable during the 2 weeks' storage at 4 1C. Therefore, the sample was usable when the urinated diaper was stored for a short time at the subject's home until it was delivered to the laboratory.
Phthalate Metabolites' Recoveries in the Expressed Urine The analyte recovery (R e ) can be calculated based on the concentrations measured in the expressed urine (E u ) and the counterpart of the original urine (O u 
and M b is the fraction contributed by the diaper matrix. For the non-spiked water control, the blank values of the expressed water samples were not significantly different from the counterparts (Table 3) . To a robust method, R e Â M b should be a constant (C o ), and therefore E u ¼ R e Â O u þ C o . The spike recoveries for all the analytes were calculated based on the linear model and plotted in Figure 2 , where the regression coefficients represent the average values of the recoveries. The correlations of determination (R 2 ) for all of the analytes were above 0.99 except for MEHP (0.96). As suggested, the measured analytes' concentrations in the spiked original urine and in the expressed urine were linearly correlated with the high regression coefficients close to one (0.96--0.99), that is, the analytes' recoveries are around 100% (88.5--115%). Therefore, there is no significant difference when either the Medium size diaper for 7--11 kg baby was wet with 100 ml adult urine. The standard deviation (SD) and the relative standard deviation (RSD%). The standard deviation (SD) and the relative standard deviation (RSD%). original urine or the urine expressed from the diaper is analyzed for these compounds. The absolute SPE extraction recovery was calculated either (Supplementary Table S3 ).
Creatinine's Recovery in the Expressed Urine Creatinine is commonly used for adjusting the urine dilution effect. Like the phthalate metabolites, the recovery of the Medium size diaper for 7--11 kg baby was wet with 100 ml adult urine.
b SD and RSD% were calculated from the original urine sample and the six wet diaper samples. Figure 2 . The regression correlations of the fortified phthalate metabolites in the original urine samples (X-axis) versus the fortified phthalate metabolites in the counterparts of the urine samples expressed from the diaper (Y-axis), where the six levels of metabolites were fortified at 0, 10, 30, 50, 100, and 150 ng/ml. The regression coefficients suggested the phthalate metabolites' recoveries of the urine expressing procedure. The error bars represent the SD of three repetitions.
expressed creatinine from the diaper can be calculated using the upper mentioned model. The high correlation (R 2 ¼ 0.997) and the regression coefficient (1.003) close to one (Figure 3) suggested the average recovery is nearly 100%, that is, creatinine is released from the gel absorbent together with the water phase without any difference. Therefore, creatinine in the expressed urine can still be used to adjust urine-dilution effect.
Phthalate Metabolites in Infant Urine
Using the novel method, we measured the six phthalate monoesters in 65 infant-urinated diaper samples from 15 infants. The children included one neonate (birth-28 days), eight infants (28 days--1 year) and six toddlers (2--3 years). As shown in Table 5 , both MBP and MEOHP were detected in all of the samples. MMP, MEP, and MEHP were detected in 93.8%, 98.5%, and 93.8% of the samples, respectively. Among the six measured phthalates, MBzP showed the lowest detection rate of 70.8%, possibly because of the children's lower exposure to BzBP.
DISCUSSION
This study evaluated the feasibility of using commercial disposable diapers to monitor phthalate metabolites. In addition, the availability of taking the expressed creatinine as the reference to adjust the urine-dilution effect was assessed either. The present results suggested that the target analytes can be expressed from the gel absorbent together with the released liquid phase of the urine without significant difference. In the present study, we also investigated the factors that may affect the sample preparation and measurement accuracy to these phthalate metabolites during this indirectly sampling approach.
Although calcium chloride has been proven to be effective in collapsing the polymer matrix of the diaper, 20, 21 there is still no idea about the feasibility of gel diaper in infant urine sampling. Here, we designed and fabricated a simple device to separate the gel absorbent from the expressed urine so that the liquid could be isolated effectively. Comparing the infant urine sampling by squeezing the cotton pad inserted under the diaper, 15 a much bigger volume of urine can be obtained directly from the diaper itself; therefore, more reactive environmental pollutants of interest can potentially be monitored at single sampling. Another advantage is that parents or researchers do not need to watch for the baby to urinate when using a gel diaper, which is necessary when using a cotton pad for up to 6 h of safe sampling (low urine leaking risk).
We had assumed that the background contamination of the gel diaper may affect the analysis. Different brands and lots of disposable diapers had been tested. One brand had significantly higher MEHP than the other. The selected brand in further experiments had the analytes' profile and levels are similar to sample preparation blank (water instead of urine was prepared directly). Compared with infant exposure levels, the analytes' background contribution from diaper matrix and the LOD of the method were acceptable. We also had assumed that the other factors, such as expression bias of the target compounds versus Figure 3 . The regression correlations of the creatinine in the original urine samples (X-axis) versus the creatinine in the counterparts of the urine samples expressed from diapers (Y-axis), the regression coefficients suggested the creatinine recovery of the urine-expressing procedure.
? Table 5 . Infants' characteristics and the phthalate metabolite (ng/ml) and creatinine (mmol/l) concentrations for 15 infants. urine creatinine, the urination volume at each time, and the different urination modes of boys and girls, contribute the uncertainty of the method. Through a series of single-factor experiments, we concluded that there is no significant difference in phthalate-metabolite analysis between urine, and the urine expressed from the diaper. The recoveries and the reproducibility of the six phthalate metabolites are acceptable. Although it may not be necessary to adjust the urine-dilution effect in infants in comparison with adults, 19 we additionally investigated the creatinine expression from diaper samples, and found that creatinine can be measured as robustly as phthalate metabolites. Creatinine can therefore be used to adjust the dilution effect.
To date, there has been no existing method to conveniently collect infant urine for biomonitoring use. Our study may therefore serve as the first important step to make use of gelcontaining diapers for urine collection and phthalate-metabolite analysis, especially in the large cohort study. For this purpose, we used this method in pilot to analyze the six phthalate metabolites in 65 diaper samples from 15 infant volunteers. The results suggested that these contaminants can be found in infants' urine as frequently as in adults' urine 11 in China. The present detection frequency of MEHP (93.8%) was higher than the reported data (42%) in the newborn babies. 14 In the other infant cohort reported, 15 the mean concentrations of MEP (178.2 ng/ml with SD 482.8), MBzP (31.4 ng/ml with SD 42.3), MEOHP (41.2 ng/ml with SD 170.9), and MEHP (7.0 ng/ml with SD 16.7) were higher than the present study, but MBP (36.7 ng/ml with SD 39.0) was lower. The profiles of the metabolites were different when comparing infants to adults. 11 The unadjusted geometric mean (GM) of MMP (3.16 ng/ml) in infants was lower than in adults (13.9 ng/ml). MBP and MEOHP levels were much higher in infants (94.1 and 8.22 ng/ml, respectively) than in adults (10.0 and 1.71 ng/ml, respectively). The unadjusted GM concentrations of MEP, MBzP, and MEHP were similar (17.4, 0.19, 0.84 ng/ml, respectively, in infants, and 15.1, 0.05, and 0.63 ng/ml, respectively, in adults). A recent Taiwan study 24 also showed that the total of 11 urinary phthalate metabolites GM concentration was higher in 2-year-olds (398.6 ng/ml) than in pregnant women (205.2 ng/ml). The investigated metabolites represent the exposure to five commonly used phthalates, which are mainly from DEHP. The proportion of DiNP metabolites was higher in 2-year-old children urine (4.39%) than in adults (0.83%) either. These interesting results may suggest these young children have different exposure routes, sources, or even the ability to clear phthalates from bodies and infants may be at a higher level of risk than adults owing to their vulnerability.
In summary, the method developed for biomonitoring infant exposure to phthalates is validated and sound; this convenient sampling method should be credible for the large-size cohort study. In addition, our pilot result suggests that infants are commonly exposed to phthalates and the health effects on infants should be matters of concern for this vulnerable group.
